INTRODUCTION {#sec1-1}
============

Plaque accumulation followed by enamel demineralization and gingivitis is a well-known complication in orthodontic therapy when fixed or removable appliances are used. The removable appliances are mostly made of poly(methyl methacrylate) (PMMA).\[[@ref1]\] The challenging problem is susceptibility to plaque accumulation on these appliances due to the food retentive configuration of the acrylic materials. This may be attributed to the intrinsic porosity of PMMA, which enhances biofilm formation caused by the activities of cariogenic oral flora.\[[@ref2]\]

Being used as orthodontic appliances or removable partial denture, the acrylic plates are placed in contact with teeth, and thus the resulting plaque accumulation may increase the risk of dental caries and gingival problems. In cold-cured acrylic resins (ARs), the problem is even more prominent, because they display more surface porosities than the heat-cured ones.\[[@ref3][@ref4]\] These porosities hamper the complete removal of dental plaques, such that mechanical cleaning often turns out to be inadequate. Therefore, some biocompatible antimicrobial agents are required.\[[@ref5][@ref6]\]

Several strategies have been proposed to reduce the risk of dental caries during orthodontic treatment. A recent method to prevent microorganism-induced oral diseases is to manufacture self-cleaning dental materials. The use of nanoparticles has been suggested to incorporate antimicrobial activity into orthodontic materials. Application of fluoride-releasing composites containing nanofillers, antimicrobial orthodontic band cement with silver nanoparticles, and nanosilver-containing orthodontic adhesive primers has been shown to be effective in inhibiting the bacterial growth around fixed appliances.\[[@ref7][@ref8]\] For removable appliances, addition of nanoparticles to PMMA can impart antimicrobial activity to acrylic plates. Among the available nanoparticles, titanium dioxide (TiO~2~) serves as a good example, because its antibacterial properties have been demonstrated in various biomaterials.\[[@ref9][@ref10]\] Moreover, composites containing TiO~2~ have been produced and assessed with regard to their antimicrobial effectiveness.\[[@ref11]\] Among the orthodontic materials, orthodontic wires coated with TiO~2~ nanoparticles have demonstrated antimicrobial effects against *Streptococcus mutans*.\[[@ref12]\] However, the effects of these particles on ARs have not yet received much attention.

The antimicrobial activities of TiO~2~ against *Escherichia coli*, *Staphylococcus aureus*, *Pseudomonas aeruginosa*, *Candida albicans*, *Giardia lamblia*, and *Lactobacillus acidophilus* have already been reported,\[[@ref12][@ref13][@ref14]\] including its role as a cancer cell killer.\[[@ref15]\] Evidently, TiO~2~ also has photocatalytic effects that enable it to remove pollutants in water via oxidation or reduction mechanisms. Different reactive oxygen-containing species such as H~2~O~2~, OH˙, and O~2~˙ that damage the bacterial cells are produced by the photo-initiating chemical reactions.\[[@ref16][@ref17]\]

Photocatalysis is a promising green technology for the inactivation of microorganisms because it does not cause adverse biological and environmental effects.\[[@ref18]\] However, because of the wide band gap (approximately 3.2 eV), TiO~2~ nanoparticles are effective only in the UV region of the solar spectrum.\[[@ref16]\] Besides its antibacterial effects, TiO~2~ has other advantages, which include its white color and high stability, as well as its low cost and low toxicity.\[[@ref19][@ref20][@ref21]\] Therefore, it would be an appropriate substance that can be incorporated into the dental materials.

In order for antimicrobial agents to become more safe and durable and be released gradually, application of inorganic carriers such as apatite, zeolite, and phosphate has been suggested.\[[@ref22]\] Silicon oxides are considered to be more appropriate carriers because of their porous structures and better adsorption properties. Nano-silicon dioxide (nano-SiO~2~) has the advantage of having extremely high surface activity, which enables it to absorb various ions and molecules.\[[@ref23]\] The combination of nano-TiO~2~ and nano-SiO~2~ has been studied in some recent investigations.\[[@ref24]\] We believe that by their incorporation into ARs, one could induce the desired photocatalytic and self-sterilizing properties to acrylic appliances. Because *S. mutans* and *L. acidophilus* are the most important cariogenic oral bacteria,\[[@ref25]\] we included them in our study. Hence, this study was conducted for evaluating the antimicrobial activity of PMMA ARs containing TiO~2~ and SiO~2~ nanoparticles against *S. mutans* and *L. acidophilus*.

MATERIALS AND METHODS {#sec1-2}
=====================

Specimen Preparation {#sec2-1}
--------------------

Acrylic liquid and powder (Selecta Plus, Dentsply Company, UK) were mixed, resulting in three-dimensional (20 mm × 20 mm × 1 mm) acrylic specimens. To compensate for the setting shrinkage of acryl, a larger metal mold was employed. Then, nano-TiO~2~ (21 nm) and/or nano-SiO~2~ (20 nm) (Degussa Company, Germany) particles were mixed with the monomeric acrylic liquid by stirring. To obtain 0.5% concentration, 0.02 g of the nanoparticles was added to each milliliter of the acrylic monomer. For 1% concentration, 0.04 g of the nanoparticles was added to each milliliter of the monomer.

For preparing specimens of the mixed groups (ARs containing both nano-TiO~2~ and nano-SiO~2~), they were mixed at a 1:1 weight ratio. The mixtures were sonicated (1 h for TiO2^-^ containing monomers and 2--3 min for SiO~2~ -containing monomers), after which the powder and the acrylic liquid were mixed. Neat monomer containing no nanoparticles was used as the control group. The ratio of 3 g of powder to 1 ml of liquid was adopted, according to the manufacturer\'s instructions. The powder was gradually added to the liquid, and as it reached the dough stage, the prepared nano-metal oxide doped-ARs were introduced into the mold and allowed to set thoroughly. The specimens were polished to afford the aforementioned dimensions. Finally, they were sterilized by gamma rays, with at least 25 kilogray dosages.

Microorganism Tests and Growth Conditions {#sec2-2}
-----------------------------------------

Lyophilized *L. acidophilus* and *S. mutans* (ATCC cultures 4356 and 25,175, respectively, obtained from Rayen Biotechnology Co., Ltd., Tehran, Iran) were rehydrated in brain heart infusion (BHI) broth (Merck, Darmstadt, Germany) and incubated in an anaerobic atmosphere at 37°C for 48 h.

Testing of Antimicrobial Activity by Broth Dilution Assay {#sec2-3}
---------------------------------------------------------

After culturing the planktonic bacteria overnight, the bacterial density was adjusted to 0.2--0.3 at optical density 600 nm. The bacterial suspension was then diluted with BHI broth to 1 × 10^8^ colony-forming units per milliliter (CFU/ml), and 100 μl of this bacterial suspension was pipetted into the acrylic samples. The specimens of each group were divided into three subgroups according to three different light conditions: Dark, daylight, or ultraviolet A (UVA). The samples were illuminated with 2 × 15 W UVA light (Philips Electronics, Seoul, Korea), daylight, and black light (300--500 nm emission). The light source was placed 10 cm above the samples. In the control group, the light source was covered with a black cloth to verify the viability of bacterial counts during the exposure. The samples were placed in dishes filled with cold water to prevent them from drying.

To determine the time dependence on photocatalysis, the samples were exposed to light sources for 0, 15, 30, 45, 60, 75, and 90 min. After illumination, at each time point, the samples were added into individual falcon tubes containing the bacterial suspensions. Then, the tubes were incubated in an anaerobic chamber (5% CO~2~, 10% H~2~, and 85% N~2~) at 37°C for 48 h. CFU/ml were assessed in the culture, before the exposure and after 0, 15, 30, 45, and 90 min exposure to test conditions. To determine the CFU/ml, the cells were serially diluted with a salt solution (0.9% NaCl) in microtiter plates and enumerated using the drop-plate method,\[[@ref26]\] in which 20 μl of each dilution was added to BHI agar for *L. acidophilus* and *S. mutans*. After the inoculation, the CFUs/ml were counted to determine the inhibitory effect of PMMA containing nano-TiO~2~ and PMMA containing nano-SiO~2~. All the tests were performed in triplicate. The CFUs/ml for *L. acidophilus* and *S. mutans* were counted and the percent of bacterial reduction is found out from the counts taken at each time point. The cultures were checked for contamination throughout the experimental period.\[[@ref27][@ref28]\]

Statistical Analysis {#sec2-4}
--------------------

The results of the assays were analyzed using one-way analysis of variance and Tukey\'s *post hoc* analysis using SPSS software (version 13, Chicago, IL, USA). In all the analyses, the confidence level was set at *P* \< 0.05.

RESULTS {#sec1-3}
=======

The reduction percentages of bacterial content (in CFU/ml) up to 90 min exposure to three different light conditions were compared and are shown in [Table 1](#T1){ref-type="table"}. Antibacterial activity of PMMA containing nanoparticles, at two concentrations (0.5% and 1%) of nano-TiO~2~ and nano-SiO~2~ and their mixture (TiO~2~/SiO~2~ nanoparticles) (1:1 w/w), against *L. acidophilus* and *S. mutans* cultures was time-dependent, such that extending the length of nanoparticles exposure from 15 to 90 min enhanced the inhibitory effects of nanoparticles on these microorganisms.

###### 

Bactericidal effects of poly (methyl methacrylate) containing nanoparticles under ultraviolet A illumination, visible light, and dark conditions

![](JOS-5-7-g001)

In general, the antimicrobial activity of nano-TiO~2~ was significantly higher than the activity of nano-SiO~2~ under UVA illumination (*P* \< 0.05) and visible light (*P* \< 0.05) \[[Table 1](#T1){ref-type="table"}\]. After a 90 min UVA exposure, 0.5% nano-TiO~2~ reduced culture viability of *L. acidophilus* and *S. mutans* by 69% and 59%, respectively. The differences between the antibacterial effects of samples containing 0.5% nano-TiO~2~ versus those with PMMA alone were statistically significant (*P* \< 0.05). Although the 90 min time point showed reductions in the viability of *L. acidophilus* and *S. mutans* cultures treated with 0.5% nano-TiO~2~ in the dark, these reductions were not significant (*P* \> 0.05) \[[Table 1](#T1){ref-type="table"}\]. On the other hand, 1% nano-TiO~2~ reduced *L. acidophilus* and *S. mutans* viability by 93% and 92% under UVA illumination, respectively, suggesting more antibacterial effect on these bacterial cultures than 0.5% nano-TiO~2~.

In addition, 1% nano-SiO~2~ had a bactericidal effect on both *L. acidophilus* and *S. mutans* cultures in a time-dependent manner. After a 90 min exposure, 1% nano-SiO~2~ reduced the viability of *L. acidophilus* and *S. mutans* by 59% and 51%, respectively, with more antibacterial effect at the earlier time points. The antibacterial activity of 0.5% nano-SiO~2~ ranged from modest to none. Culture of *L. acidophilus* showed the highest susceptibility to 0.5% nano-SiO~2~ under UVA illumination, which reduced bacterial viability by 51%. Furthermore, 0.5% nano-SiO~2~ did not inhibit the growth of *S. mutans* cultures at any of the test conditions and time points, similar to those treated with PMMA alone. Among the groups containing the nanoparticles, the group containing 0.5% nano-SiO~2~ showed the lowest reduction of 5 ± 5.0% for *S. mutans*, under dark conditions, although the difference was not statistically significant compared with the control group (*P* = 0.43). Most notably, at all time points of the assay, 1% of both nano-TiO~2~ and nano-SiO~2~ under UVA illumination showed a higher inhibitory activity than PMMA alone (*P* \< 0.001), which did not inhibit the growth of any test culture.

Regarding the three light conditions, the highest reduction in bacterial population (in CFU/ml) occurred in the UVA group (*P* \< 0.05), followed by the visible light group (*P* \< 0.05), and the least percentage of reduction was observed in the group exposed to dark (*P* \> 0.05). In the control group, reduction in bacterial population was not observed under UVA exposure, which actually showed 4.3% increase in *L. acidophilus* CFU/ml. Overall, under UVA illumination, the potential to reduce bacterial cells was as follows: Mixed group (TiO~2~/SiO~2~) \> TiO~2~ \> SiO~2~. In visible light condition, both TiO~2~ and SiO~2~ exhibited similar antimicrobial effects against *S. mutans* at both 1% and 0.5% concentrations (*P* \> 0.05); however, TiO~2~ (whether 0.5% or 1%) showed a higher reduction of *L. acidophilus* under UVA illumination. SiO~2~ (0.5% or 1%) showed a higher reduction percentage of CFU/ml for both *S. mutans* and *L. acidophilus* than that by TiO~2~ under dark condition.

The antimicrobial effect was more obvious in higher concentrations. For example, at the last follow-up in 1% TiO~2~ \[[Table 1](#T1){ref-type="table"}\], the reduction percent of *L. acidophilus* under UVA (93%) was valuable while, for 0.5% TiO~2~, the reduction was 69%. The same pattern was observed for SiO~2~ and TiO~2~/SiO~2~. [Figure 1](#F1){ref-type="fig"} illustrates the comparison of the different concentrations of the mixed groups. A comparison of the effect of different nanoparticles and the bacterial reduction trend in ARs containing TiO~2~, SiO~2~, and TiO~2~/SiO~2~ in dark and under UVA against *S. mutans* are illustrated in [Figure 2](#F2){ref-type="fig"}.

![Colony-forming units per milliliter of *Streptococcus mutans* (a) and *Lactobacillus acidophilus* (b) on acrylic resins contained 1% and 0.5% titanium dioxide/silicon dioxide nanoparticles in different time intervals (min = minutes)](JOS-5-7-g002){#F1}

![Colony-forming units per milliliter of *Streptococcus mutans*, on acrylic resins contained titanium dioxide/silicon dioxide 1%, titanium dioxide 1%, silicon dioxide 1% and no nanoparticle (control) in two different light conditions: (a) Ultraviolet A illumination and (b) dark, in different follow-ups (min = minutes)](JOS-5-7-g003){#F2}

DISCUSSION {#sec1-4}
==========

One of the recent approaches in preventive dentistry is to apply self-sterilizing dental materials. This study demonstrated that adding nanoparticles to acrylic specimens could reduce bacterial growth and population. A significant reduction in the number of bacterial CFU/ml was observed for *L. acidophilus* in acrylic specimens containing 1% of both nano-TiO~2~ and nano-SiO~2~, exposed to UVA for 90 min (98.6 ± 0.4%). Under similar conditions, the *S. mutans* population was reduced by 97.9 ± 0.3%, while that of the control group increased \[[Table 1](#T1){ref-type="table"}\]. Regarding the nanoparticles, it may be concluded that the higher the concentration, the higher the antimicrobial activity. Hence, a concentration of 1% turned out to be more bactericidal than 0.5%, when nano-TiO~2~, nano-SiO~2~, or their mixtures are employed \[[Table 1](#T1){ref-type="table"}\]. This is consistent with the findings of other investigators;\[[@ref14][@ref29]\] however, no threshold has been suggested till date, which calls for further studies.

The antibacterial activity of nano-ARs appears to be much higher in UVA than in dark \[[Figure 2](#F2){ref-type="fig"}\]. However, a quick glimpse of the control group results reveals that in the absence of nanoparticles, UVA does not show any antimicrobial activity \[[Table 1](#T1){ref-type="table"}\]. By comparing the results of the nano groups exposed to UVA versus those in dark and visible light, it can be concluded that although TiO~2~ nanoparticles (whether 1% or 0.5%) could reduce the bacterial population in dark and visible light, utilizing UVA would enhance their antimicrobial activity \[[Table 1](#T1){ref-type="table"}\]. These findings are in harmony with those previously reported.\[[@ref30]\]

According to Fujishima *et al*.,\[[@ref16]\] the intensity of UVA is directly related to the photocatalytic activity of nanoparticles, due to the fact that a higher intensity leads to the formation of more reactive oxygen species. The photocatalytic activity of TiO~2~ was evident even in visible light. Thus, the bacterial growth inhibition was more prominent in the visible light than in dark light \[[Table 1](#T1){ref-type="table"}\]. However, in the ARs containing nano-SiO~2~ alone, the antimicrobial activity in visible light did not differ from that in dark, implying that light has no significant effect in improving the bactericidal properties of SiO~2~. Our data showed that, as can be seen in dark, the behavior of ARs containing nano-TiO~2~ resembles that of the control group, but the ARs containing nano-SiO~2~, whether alone or in combination with TiO~2~, led to reduction in the CFU/ml over time. These findings are consistent with those of Adams *et al*.,\[[@ref29]\] who showed that the toxicity of nano-sized SiO~2~ against *Bacillus subtilis* and *E. coli* was displayed even in dark. This result suggests the possibility of another mechanism for the antimicrobial activity of SiO~2~ nanoparticles, which deserves further scrutiny.

Although nano-SiO~2~ was not as effective as nano-TiO~2~ under UVA, this study showed that in contrast to previous studies, nano-sized SiO~2~ was not an inert substance and had some antibacterial effects. The fact that ARs containing both TiO~2~ and SiO~2~ nanoparticles had the highest bacterial growth inhibition suggests that when used as a carrier of TiO~2~, SiO~2~ can enhance the antimicrobial capacity of nano-sized TiO~2~. This can be attributed to a probable synergistic effect of TiO~2~ and SiO~2~ nanoparticles or the capacity of nano-SiO~2~ to improve the photocatalytic properties of TiO~2~. Recent studies have shown that the combination of TiO~2~/SiO~2~ nanoparticles possesses higher stability than pure TiO~2~. This enhances the photocatalytic activity of nanoparticles due to the higher specific surface area, larger pore volumes, higher band gap energy, and smaller crystallite structure.\[[@ref31]\] Thus, nano-SiO~2~ can be used as the carrier of TiO~2~, as was performed in this study.

The results of this study also show that the antimicrobial activities of nanoparticles increased with time because the last follow-up (after 90 min) demonstrated the least CFU/ml \[Figures [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}\]. Thus, a longer follow-up is needed to detect at what time the reduction trend reaches a plateau. Choi *et al*.\[[@ref12]\] claimed that the maximum antimicrobial activity of orthodontic wires coated with TiO~2~ nanoparticles was observed in 20--30 min exposure to UVA, after which a reduction ensued. The same pattern was reported by Watts *et al*.\[[@ref32]\] while a two-step decay dynamics of the photokilling process was reported by Sunada *et al*.\[[@ref33]\] The latter pattern comprises a very low-rate bactericidal step followed by a higher rate step. However, in the present study, a steady decline in the number of microorganisms in the ARs containing TiO~2~ and SiO~2~ nanoparticles was observed up to the last follow-up (after 90 min).

In the current study, the catalytic effect of UVA was slightly more prominent on *L. acidophilus* growth suppression than that on *S. mutans* (99% compared to 98% reduction in CFU/ml) \[[Table 1](#T1){ref-type="table"}\]. In other words, *L. acidophilus* exhibited more sensitivity to the antimicrobial effects of the nanoparticles than *S. mutans*. This can be attributed to the different thickness and complexity of the cell walls of the microorganism. Several theories have been proposed for the photokilling mechanism of TiO~2~ under UV irradiation. Direct photocatalytic oxidation of co-enzyme A or pre-oxidation of the membrane phospholipids\[[@ref17]\] has been suggested.

To benefit from the advantages of UVA, the patients should be advised to keep their acrylic orthodontic appliances containing TiO~2~ and SiO~2~ nanoparticles for about 1 h in outdoors under sun exposure or under UVA lamps with an intensity of 1 mW/cm^2^. The solar UVA intensity is about 4 mW/cm^2^ on sunny days and drops by about 10 times on cloudy days.\[[@ref34]\] For denture base material, the patients should be advised to keep their dentures under an appropriate irradiation source during the night, but for orthodontic appliances that critically require nocturnal wearing, daytime exposure to UVA is more prudent. Thus, if these instructions are followed, there will be lesser microbial load in the mouth, which in turn would result in the prevention of bacterial oral diseases such as dental caries and gingivitis. However, one should notice that besides the antimicrobial activities of TiO~2~ nanoparticles, a high concentration of nano-TiO~2~ can affect the appearance and mechanical properties of ARs by acting as impurities.\[[@ref11]\]

The effect of adding TiO~2~ and SiO~2~ nanoparticles on the flexural strength of ARs was earlier evaluated by our research team.\[[@ref35]\] Thus, further studies are needed to compare the different nanoparticles separately or in combination with TiO~2~, with respect to their antimicrobial activities and effects on the mechanical properties of the acrylic material. Further studies also are required to evaluate the flexural strength and the physical properties of the new mixed material at varying percentage concentrations as well as further clinical evaluations are required to substantiate these results as well as the biocompatibility of the acrylic material. A limitation of the study was the short duration of the experiment and longer period is needed to extrapolating the results of this study to the anticariogenic effects of ARs incorporated with nanoparticles. Moreover, in light of the importance of flexural strength as an important mechanical property of acrylic material, the lack of evaluation of the effect of nanoparticles on the flexural strength of PMMA ARs can be a limitation in this study. To address this issue, further studies should be considered.

CONCLUSIONS {#sec1-5}
===========

Adding TiO~2~ and SiO~2~ nanoparticles to PMMA can impart antimicrobial activity to the resins, which is more efficient under UVA exposure, owing to the photocatalytic properties of nano-TiO~2~. Using this method, self-sterilizing acrylic appliances can be applied to prevent bacterial oral diseases in patients who wear them.
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